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• Asymmetric wedge geometry gives
rise to varying adhesion strength,
depending on loading direction.
• Fabricated shape memory polymer
(SMP) micro-wedge arrays are used
to perform adhesion tests to char-
acterize adhesion strength based on
applied loading direction.
• Experimental data is compared with
finite element method results, con-
firming directionality.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o
Article history:
Received 23 April 2016
Received in revised form 4 May 2016
Accepted 20 July 2016
Available online 26 July 2016
Keywords:
Dry adhesives
Reversible adhesion
Microstructured Surfaces
Shape memory polymers
a b s t r a c t
A shape memory polymer (SMP) surface with geometrically asymmetric micro-wedge
array is fabricated as a reversible directional dry adhesive through a double exposure
angled lithography technique. The unique shape fixing and recovery properties of SMPs
and surface microstructuring enable highly reversible adhesion strength upon thermo-
mechanical loading. The tilted wedge geometry gives rise not only to its capability for
varying adhesion strength based on loading direction, but also the reduction of strain
energy input necessary to achieve contact area saturation with the opposing surface.
To characterize the directional adhesion strength of the fabricated micro-wedge surface,
adhesion tests are performed in the forward shear, backward shear, and normal directions
based on the tilting direction of the micro-wedges. The adhesion strength is measured as
a function of the applied preload for the three directions investigated, and is compared
to a computational analysis by modeling the adhesive failure as the initiation of crack
growth in linear elastic fracture mechanics. Additionally, reversibility is demonstrated by
heating the micro-wedge surface above its Tg , allowing the structure to recover its original
shape after being deformed, resulting in almost zero adhesion strength. The adhesion tests
demonstrate that the forward shear direction is capable of adhesion strengths that are
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greater than that of the backward shear direction by a factor of over 3, confirming its
capability for directional adhesion.
© 2016 Elsevier Ltd. All rights reserved.1. Introduction
Dry adhesives offer various advantages over wet adhe-
sives including reusability, longevity, greater adhesion, ro-
bustness, andpotential for reversibility [1]. A reversible dry
adhesive design that has shown great success in past stud-
ies is a biomimetic array of micro- or submicro-scale fibril-
lar structures, inspired by nature’s gecko foot hairs [2–12],
which themselves exhibit directional adhesion during
shear loading. These designs make use of individual fibers
to enhance the robustness of the adhesive interface, par-
ticularly when mated to microscopically rough or uneven
surfaces, compared with chemically similar flat-surfaced
adhesives. The bulk surface adhesion strength is then pri-
marily dependent upon the collective contact area of the
individual deforming fibers.
In past studies on fibrillar-structured dry adhesives, the
most favorable results were found through the fabrication
of a compliant microfiber array on a relatively rigid back-
ing layer, whereby the former structure contributes to its
conformity to the opposing surface, while the latter struc-
ture inhibits peeling by providing more uniform load dis-
tribution, thus increasing its overall adhesive strength [11].
However, as evidenced in published past experiments, ap-
plications of such designs still typically yielded relatively
low adhesion, within the range of sub-1 atm adhesive
strengths. Although some studies demonstrating higher
maximum adhesive stresses exist [12–14], there remains
substantial room for improvement, as past studies have
yet to develop versatile systems suitable for general use;
strength is but one aspect of an adhesive, among other
qualities such as directionality [15,16], reusability, and re-
versibility.
Advancements to dry adhesives can be found through
the implementation of responsive materials, which en-
ables material property ‘‘switchability’’ of the struc-
ture [17]. One such investigation was done, utilizing a
shapememorypolymer (SMP) as the primary adhesivema-
terial [18]. SMPs refer to a broad range of such responsive
materials that, as their name implies, exhibit a behavior
that allows for the storing of a configurational memory of
a certain ‘‘permanent shape’’ that is recovered from a de-
formed shape, i.e. ‘‘temporary shape’’, through an exter-
nal stimulus that is specific to the material. One common
stimulus to activate the shape memory behavior is tem-
perature: heating the polymer beyond a certain glass tran-
sition temperature (Tg ) initiates its material compliance
transition from ‘‘rigid’’, on the order of 1 GPa, to ‘‘compli-
ant’’, on the order of 10MPa. These unique properties have
been utilized in combination with surface microstructur-
ing, e.g. microtip patterning, to produce an SMP-based dry
adhesive with both high normal adhesive strength and re-
versibility [18].Dry adhesives generally rely on van der Waals forces,
rather than chemical means to generate adhesive forces. It
follows that a superior adhesive surface design is achieved
by maximizing the area of contact between the adhesive
surface and the opposing surface with as little input
energy as possible. As seen in the results of past studies,
the utilization of SMP as the primary adhesive material
combined with surface microtip patterning allows for
direct manipulation of the material compliance and the
contact area, which contributed to their impressive results
in adhesive strength and reversibility [18]. This paper
strives to propose a method to expand upon that past
investigation by introducing an asymmetrically tilted
wedge-shape structure, in order to exhibit directional
shear adhesion capabilities. The structures fabricated in
the past demonstrated high normal adhesion strength and
reversibility. However, because of the symmetric shape
design of the microtip, the surface not only requires
high preload to achieve contact area saturation but also
is intrinsically incapable of directional shear adhesion,
which would otherwise enable multiple adhesion strength
states as a function of loading conditions [18]. Here, we
present a micro-wedged SMP surface capable of high
reversible adhesion based on the shapememory effect, and
directional shear adhesion upon loading conditions based
on asymmetric shape design in the micro-wedge. Such a
surface allows not onlymultiple high shear adhesion states
upon loading conditions, but also zero-adhesion states
via thermo-mechanical loading. Furthermore, the tilted
wedge geometry gives rise to the reduction of strain energy
input necessary to achieve contact area saturationwith the
opposing surface. In other words, by using deflection of
thin wedges, rather than bulk compression, as the primary
mode of deformation, a large contact area can be obtained
with a relatively small preload applied.
A two-step angled exposure technique is utilized to
fabricate amold comprised of an array of tilted asymmetric
wedge structures. Further steps produce a positive SMP
replica, the surface of which is tested for its forward
shear, backward shear, and normal adhesion capabilities
as a function of the preload, as indicated in Fig. 1. The
introduction of asymmetric wedge structures implies that
there will be inherent directionality of the adhesive,
i.e., the shear adhesive strength should be higher for the
forward shear direction than the backwards direction.
This behavior is verified through both experiment and
computational analyses and will be presented in the
upcoming sections.
2. Fabrication procedure
Themicro-wedge structure is shown in Fig. 2. It consists
of a periodic array of SMP wedges fabricated as part of
J. Seo et al. / Extreme Mechanics Letters 9 (2016) 207–214 209Fig. 1. Overview of the process of wedge preload deformation and adhesion testing.Fig. 2. (A) Dimensions of a single SMPwedge in isometric view, (B) Dimensions of a single SMPwedge in side view, (C) Isometric SEM image of SMPwedge
array, and (D) Tilted side view SEM image of SMPwedge array. Scale bars for SEM images are represented in white, with lengths corresponding to 100µm.a continuous thin layer of SMP on a glass backing layer.
The fabrication of the master mold relies on a multi-
step angled exposure technique through the use of SU-
8 50 negative tone photoresist (MicroChem) [12,19,20].
The SU-8 mold then undergoes a double-molding process
to obtain a flexible polydimethylsiloxane (PDMS) negative
mold structure that would facilitate the peeling of the
negative mold from the more rigid final SMP structure.
The SU-8 negative mold was first fabricated by spin-
coating a negative photoresist, i.e., SU-8 at a spin speed
of 1000 rpm for 30 s. After softbaking at 65 °C for three
hours, the SU-8 was then left to rest for five minutes
before undergoing a two-step angled exposure as shown inFig. 3 through the use of a custom fabricated stage,with the
UV illumination source being provided by aModel 60 Flood
Exposure (ABM). The iron-oxide photomask used was of
a periodic array of opaque squares with side and spac-
ing dimensions respectively corresponding to the base and
lateral pitch lengths of the wedge in Fig. 2(A). Following
the exposure, themold underwent a post-exposure baking
step of threeminutes at 65 °C and 10min at 95 °C. After al-
lowing the mold to rest at room temperature for five min-
utes, it was then developed in a SU-8 developer, and gently
rinsed with isopropanol, obtaining the final negative mold
structure.
210 J. Seo et al. / Extreme Mechanics Letters 9 (2016) 207–214Fig. 3. Two-step UV exposure technique utilized in creation of the SU-8
mold. Note the angle of exposure within the SU-8 differs from the angle
to which the substrate is tilted by due to optical refraction. SU-8 50 has
a refractive index of 1.61 [21], yielding a maximum theoretical exposure
angle of 38.4°when the substrate is tilted by 90°.
The SU-8 mold was used to produce a positive PDMS
wedge array that corresponds to the shape of the desired
final structure. A doublemolding procedure then follows in
order to cast the SMP into the desired shape, with a visual
representation of the process shown in Fig. 4. The positive
PDMS mold was cured with an 8:1 base prepolymer to
curing agent mixing ratio in order to obtain a more rigidpolymer compared to the standard 10:1 ratio, as to prevent
the protruding PDMS wedges from sticking to adjacent
wedges. Similarly, the negative PDMSmoldwas curedwith
a 13:1 mixing ratio to facilitate the peeling process by
allowing the mold a higher strain before tearing occurs.
The final SMP structure is cured on a glass backing layer
in order to ensure the adhesive surface is level and parallel
to the surface of the surrounding testing setup.
The particular formulation of thermosensitive SMP
utilized in this paper is a thermally-activated type whose
precursor is created by mixing a 1:1:1 ratio by molar
mass of EPON 826, Jeffamine D230, and neopentyl glycol
diglycidyl ether (NGDE), respectively [22]. This particular
mixing ratio, referred to as ‘‘NGDE2’’, is one among several
mixing recipes, chosen for its relatively convenient glass
transition temperature (Tg ) of about 40 °C, which is
low enough to enable rapid heating and easy handling
but high enough to prevent undesired reconstitution
at room temperature, at which the adhesion tests are
performed [22].
3. Experimental procedure
The normal and shear adhesion strengths of the SMP
sample with micro-wedge array were found experimen-
tally through the use of the custom built testing setup pre-
sented in Fig. 5. The tests specifically investigated the re-
sults of the following: forward shear adhesion, where the
force is applied parallel to the contact interface in the same
direction as thewedges point towards, backward shear ad-
hesion, where the force is applied in the opposite direction
of the wedges, and normal adhesion, where the force is ap-
pliedperpendicularly to the contact interface. For each test,
the effective area of the entiremicro-wedge sample against
an opposing glass surface is 8.9 mm2 and the force at theFig. 4. Double molding procedure utilized to obtain final SMP structure. (A) An 8:1 mixing ratio of base to curing agent of PDMS precursor is poured onto
the SU-8 negative mold, following the steps shown in Fig. 3, and is cured. (B) The resulting PDMS positive mold is then peeled from the SU-8 negative
mold. (C) A 13:1mixing ratio of PDMS precursor is poured onto the positive PDMSmold after applying a nonstick coating onto the positivemold to prevent
sticking, and is cured. (D) The resulting PDMS negative mold, with the same pattern as the SU-8 negative mold, is then peeled from the PDMS positive
mold. (E) SMP precursor is sandwiched between the substrate and the PDMS negative mold and is cured. (F) The PDMS negative mold is peeled from the
substrate, revealing the final wedge array.
J. Seo et al. / Extreme Mechanics Letters 9 (2016) 207–214 211Fig. 5. Testing setup used to obtain experimental data. Top image shows
testing setup with preload applied (represented by the weight resting
on the aluminum slab), taken with a digital camera. The temperature
controller shown regulates heat input into the heating block based on
instantaneous temperature measurements using a thermocouple.
time of adhesive failure was obtained for bonds formed at
preloads of 0.0625, 0.125, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75,
and 2 atm.
For both the shear adhesion tests, the data were
obtained through a testing setupwith an integrated heater
and scale, to provide a constant heat source and accurate
preload measurements, respectively. The opposing glass
surface is secured onto a polystyrene frame as shown
in Fig. 5, allowing a shear load to be applied through
the connected string in tension. The sample to be tested
was first placed and secured on the heater, and the
opposing glass surface is placed on the SMP array. The
sample is then brought up to a temperature of 85 °C,
well above the SMP glass transition temperature, and
the appropriate preload is applied onto the glass and
polystyrene frame component. The sample is then brought
to room temperature with the preload continuously
applied while the sample is cooled. When the desired
temperature is confirmed by inspecting the thermocouple
probing the heater, the adhesion test is conducted by
steadily increasing the load in the desired direction and
recording the load value at the moment of failure between
the sample and the glass surface. The tests are repeated
three times for each of the preloads investigated, with the
results of the experimental tests presented in Section 5.The adhesive reversibility of the micro-wedge system
was also tested to ensure it can easily release from a
surface upon re-heating. The micro-wedge sample is first
fully bonded to a substrate using the previously described
procedure for several levels of preload up to 2 atm, then
with the preload removed it is re-heated to above the
SMP Tg . From this procedure it was confirmed that the
adhesion strength of themicro-wedge array after its shape
recovery was too small to be properly quantified using the
testing setup, of which the measurable adhesive strength
is 0.02 lb (about 0.1 atm), based on the resolution of
the device which measures the final load. This effectively
demonstrates that the surface is capable of tuning its
adhesion between high- and almost zero-adhesion states
based on thermo-mechanical loading conditions.
4. Computational analysis
The adhesion strength of the wedges was computa-
tionally modeled through the use of the finite element
analysis (FEA) software (Abaqus, Dassault Systèmes). The
ideal wedge structure was modeled in the software, which
was then followed by applying the appropriate preloads
to obtain the theoretically deformed shape at each preload
value. Preloads beyond 1 atm were not investigated, since
the wedge structure is predicted to fully collapse at this
preload, and any additional compressive stresses are as-
sumed to have negligible impact on the final adhesive con-
tact area.
The adhesion failure mode is modeled as a propagating
crack by the relationship below in Eq. (1):
γo = G = K
2
I + K 2II
E
(1)
where γo is the work of adhesion between the glass and
SMP, while G is the strain energy release rate. KI and KII are
the stress intensity factors in mode 1 and mode 2 loading
respectively. The E term in the denominator is themodulus
of elasticity of the bulk material.
The significance of the first two terms in the above
equation is that the maximum adhesive stress the wedge
structure can tolerate is assumed to be at the instance
when the strain energy release rate (G) is exactly equal
to the work of adhesion between the glass and SMP
surfaces (γo), which is taken to be 46 mJ/m2 based on
prior experimental data [18]. Since the adhesion failure
is modeled as a crack propagation phenomenon, with the
assumption of plane stress, the second and third terms of
the above equation are equated.
The stress intensity factor in linear elastic fracture
mechanics is known to be a product of the stress applied
on the structure and a coefficient that is dependent upon
the geometry and loading conditions of the structure.
Therefore, for a structure with its geometric and material
parameters held constant, the stress intensity factor scales
linearly with the applied stress. This geometric scaling
factor is obtained through the software by dividing the
calculated stress intensity factor value by the applied
input stress, and has units of. Rearranging Eq. (1) and
212 J. Seo et al. / Extreme Mechanics Letters 9 (2016) 207–214Fig. 6. Fully collapsed wedge array in SEM, with given scale bar representing 100 µm (left), and the FEA input conditions for the corresponding fully
collapsed structure modeled (right). The rectangular partition above the crack front region refers to the partition to which boundary condition 1 applies
to, whereas the line encompassing the base of the wedge partition indicates the region to which boundary condition 2 applies to. The q-vector outlines the
direction to which the crack initially propagates, from the 1 µm preexisting crack.substituting for the geometric factor, we obtain:
2ESMPγo = K 2IC + K 2IIC
=

KI
σ

Ffail
Acontact
2
+

KII
σ

Ffail
Acontact
2
(2)
where Ffail is the load at which the adhesion fails, and
Acontact is the total contact area that the wedge makes in
contact with the opposing glass surface. This method is
originally based on a crack forming within a homogeneous
material. To adapt these equations to the present study
of a crack between dissimilar materials (SMP and glass),
the value of the elastic modulus may be adjusted to
account for the effect the dissimilarity [23]. In this case,
it is recognized that the elastic modulus of the glass is
much greater than that of the SMP, and so to a close
approximation we model the system as a homogeneous
material with an elastic modulus equal to twice that of
the SMP. Thus, in Eq. (2) above, the E term from Eq. (1)
is substituted by 2ESMP . The FEA model likewise includes
this substitution. Additionally, in Eq. (2) are: equivalent
fracture toughness terms (KIC and KIIC ) for mode 1 and
mode 2 loading directions respectively, the stress intensity
terms (KI and KII ) for mode 1 and mode 2 directions, a
stress termσ which refers to arbitrary applied stress values
during FEA, and an area term Acontact which corresponds
to the total contact area between a single wedge and the
corresponding opposing glass surface.
From Eq. (2), we can rearrange the terms to solve for
the load at failure, Ffail. In order to obtain the maximum
adhesive stress, we simply divide Ffail by the unit area of
the wedge and backing layer. This final result is shown in
Eq. (3).
σf ailure = FfailAunit= Acontact
Aunit

2ESMPγo
 σ
K 2I + K 2II
 . (3)
Aunit is the 70 µm by 90 µm area that represents the
entire area encompassed by a single repeating unit wedge,
as represented in Fig. 2(A).
This equation indicates the stress at failure in terms of
the input stress, material properties of the SMP, and the
geometrically-determined stress intensity factor for the
applied input stress. While the parameters for the areas,
modulus of elasticity, and work of adhesion are already
known, the input stress value (σ ) and the corresponding
stress intensity factors (KI and KII ) were calculated via the
FEA software as shown in Eq. (3). The basic overview of
the parameters utilized in the FEA software are indicated
in Fig. 6, as well as Table 1.
An uncollapsed wedge was first modeled and then
deformed in compression to simulate preloading the
wedge array to achieve adhesive contact, for each preload
value corresponding to an experimentally tested stress.
In the FEA analysis, the wedges were found to be fully
collapsed with a preload of 1 atm, determined as the
point at which the adhesive contact area was found to
be larger than the wedge pitch; thus, preloads from 1
to 2 atm are expected to have similar adhesive strength
values. Furthermore, for the backward shear analysis,
y-displacement was neglected in boundary condition 1
constraints to avoid self-compression between the wedge
surface and the glass, since the crack cannot propagate
under compression. Following the preload simulation,
an FEA fracture mechanics analysis was performed to
simulate the adhesive delamination as a crack growth
phenomenon. An initial crack of 1 µm was assumed to
exist, as indicated in Fig. 6. The calculated stress intensity
factor has a magnitude linearly proportional to the applied
stress, and the values found through the analysis are used
in Eq. (3) to calculate the maximum theoretical adhesive
strength for each preload configuration.
J. Seo et al. / Extreme Mechanics Letters 9 (2016) 207–214 213Fig. 7. Experimental data plot for forward shear, backward shear, and normal adhesion tests, with error bars for repeated trials included. The tests were
performed with the setup shown in Fig. 5, using the same sample for all adhesion tests.Table 1
Description of FEA (Abaqus, Dassault Systèmes) parameters used in analysis, corresponding to Fig. 6.
Initial collapse Forward shear Backward shear Normal
FEA Model Element Type 3D Solid 2D Shell 2D Shell 2D Shell
Applied Load Region Direction −y +x −x +y
Boundary condition 1 (Constrained Parameters) z-rotation z-rotation y-displacement z-rotation z-rotation, x-displacement
Boundary condition 2 Pinned/Fixed Pinned/Fixed Pinned/Fixed Pinned/Fixed5. Results and discussion
5.1. Experimental analysis
Fig. 7 shows the experimental adhesion strength data
for the three loading conditions, provided at each value
of preload used. The adhesion strength was measured
three times for each preload and appropriate error bars
are included. The experimental data all show a point
of saturation for the maximum adhesive loads the SMP
sample was capable of achieving, occurring approximately
1 atm preload stress regardless of loading condition. The
obtained results thus confirm that the angled geometry
of the wedge structures yield significantly enhanced
compliance compared to past work utilizing microtip SMP
surfaces [18] This enhancement allows the structures
to maximize their adhesive contact area with relatively
low preload values, while still maintaining a respectable
shear adhesive strength, peaking at around 5 atm for
the forward loading direction. Furthermore, directionality
of the fabricated micro-wedge array is clearly evident
by inspection of Fig. 7. The transition from backward
to forward loading demonstrates an adhesion strength
increase exceeding a factor of three. The experimental tests
also included a normal adhesion test as a reference while
the purpose of micro-wedge arrays is to create directional
shear adhesion. The results in Fig. 7 indicate a significantly
higher adhesion in forward loading compared to both
backward shear and normal loading.
5.2. Computational analysis
The results for applying the stress intensity factors at-
tained from the FEA software (Abaqus, Dassault Systèmes)
into Eq. (3) for each of the preload values are plotted in
Fig. 8, for all three testing configurations. There is a clear
confirmation of the directionality behavior of the adhe-
sive, by comparing the relative magnitudes of adhesivestrengths for the forward and backward directions. As ex-
pected, the forward adhesion shows the largest peeling re-
sistance and is the most favorable loading direction.
The results in Fig. 8 are nearly double that of
the adhesive strengths found experimentally, which is
generally to be expected. One source of this disparity
could be from setting the bonded glass–wedge structure
as a single, homogeneous and continuous solid, so that
the fracture mechanics analysis in Section 4 becomes
valid. This simplification in modeling does not take the
microscopic roughness and defects of the SMP wedge
surface into account, which would ignore any voids along
the contact area that would facilitate peeling and reduce
the adhesive strength obtained. The round tip shape
of fabricated micro-wedges is not accounted for in the
FEA model and likely contributes to lower experimental
adhesive strength. Further, the FEAmodel did not consider
the effects of tilting surface misalignment or any slight
differences between wedges along the entire array as
would be expected in the experimental test. As such,
the discrepancy between the results in Figs. 7 and 8 can
be attributed to the ideality of the modeling techniques
utilized.
6. Conclusions
This paper proposes a micro-wedge array surface
capable of directional dry adhesion, displaying adhesion
reversibility through the use of a shape memory polymer
(SMP). The SMP surface was fabricated through the use
of a two-step angled exposure technique to achieve a
uniquely tilted wedge shape whose geometry allows
contact area saturation at a significantly lowpreload stress.
The maximum adhesive strength of the fabricated surface
was tested for directionality by investigating its adhesive
capabilities in forward shear, which is predicted to
demonstrate the strongest adhesion, and backwards shear.
214 J. Seo et al. / Extreme Mechanics Letters 9 (2016) 207–214Fig. 8. FEA Results for theoretical Forward Shear, Backward Shear, and
Normal adhesion. The analysis was done with the general parameters
outlined in Table 1, with the main difference between the three tests
being the direction of the load represented by the dark blue line in Fig. 6.
The stress intensity factor per applied load, in conjunction with Eq. (3)
yields the theoretical maximum adhesive stress at each configuration.
(For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
The experimental data clearly shows a saturation for all
adhesion directions at a preload of 1 atm or less, verifying
the desired effect of introducing the tilted geometry in
terms of reduced preload requirement. Furthermore, the
directionality was successfully demonstrated, with the
forward shear adhesion being capable of over triple the
load compared to that of the backward shear direction.
These experimental results were compared to a theoretical
adhesion derived from modeling the adhesive failure
in terms of linear elastic fracture mechanics, namely
crack propagation, showing higher theoretical adhesion as
expected, but within the same order of magnitude as the
experimental tests.
The results of this paper expand upon past investiga-
tions of biomimetic dry adhesives through successfully
demonstrating a surface capable of high shear adhesion
(5 atm) in the preferred direction. This exhibited direc-
tional shear adhesive capability will not only facilitate
further research on responsive material-based dry adhe-
sives but also be useful for a wide range of applications in
robotics, biomedical devices, and household products.
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